OBJECTIVES: The precise sizing of the aortic annulus is crucial in order to select the most appropriate valve size for transcatheter aortic valve implantation (TAVI). Owing to the closed heart situation in TAVI, sizing has to be performed based on preoperative imaging when compared with direct sizing during conventional procedures. The aim of the study was to evaluate valve sizing performed either by CTscan or by echocardiography by comparing these imaging-based measurements with direct intraoperative sizing.
INTRODUCTION
Since its introduction in 2002 [1] , transcatheter aortic valve implantation (TAVI) has evolved to a standardized and reproducible technique to treat elderly patients with severe aortic stenosis who are at a high risk for conventional aortic valve replacement (AVR) with improving results [2] [3] [4] . TAVI is a 'closed heart' procedure with the drawback of no intraoperative direct view on the aortic valve. During conventional AVR, the annulus can be sized directly after decalcification of the valve and the choice of prosthesis type and size is based on these direct intraoperative measurements. Moreover, a large number of different aortic valve prostheses are available, which allows for choosing the most appropriate valve for each patient. For TAVI, there are only two commercially available prosthesis types with limited valve sizes: The Edwards SAPIEN valve (Edwards Lifesciences, Irvine, CA, USA) in 23, 26 and 29-mm (transapical only), and the Medtronic CoreValve (Medtronic, Minneapolis, MN, USA) in 26, 29 and 31-mm (in trials). The aortic annulus should be at least 1 mm smaller than the prosthesis to guarantee an oversizing for stable anchoring. The lack of intraoperative direct sizing during TAVI makes preoperative imaging indispensable. Initially, the aortic annulus diameter was measured with transoesophageal echocardiogram (TEE) in end-systole to measure the largest possible diameter [5, 6] . An incorrect measurement of the aortic annulus might lead to tremendous intraoperative complications, such as significant paravalvular leaks, annulus rupture or valve embolization. After gaining more experience with TAVI and preoperative imaging, it became obvious that echocardiography might be misleading due to its limitation of two-dimensional imaging only. Particularly in patients with an oval-shaped annulus, computed tomography (CT) might be the more sophisticated imaging technique because it allows for threedimensional assessment [7] [8] [9] [10] .
The aim of this study was to evaluate the recently suggested CT-based approach compared to standard echocardiographic imaging techniques. To our knowledge, the current trial is the first to compare image-based annulus sizing to direct intraoperative aortic annulus diameter measurement during open AVR.
METHODS

Study population
Twenty-six patients with severe aortic stenosis who were scheduled for conventional AVR were prospectively included in this study. The study was approved by the local Ethics Committee, and all patients granted written informed consent. The exclusion criterion was severely impaired renal function. All patients had preoperative imaging within one week prior to surgery.
Echocardiography
Transoesophageal (TEE) and transthoracic (TTE) echocardiography were performed by experienced echocardiographers. The aortic annulus was measured in parasternal long-axis view for TTE and mid-oesophageal long-axis view for TEE, both in enddiastole and end-systole. The distance between the hinge points of the aortic valve leaflets including all calcifications was measured in a two-dimensional zoomed-up view. The heart team, including cardiologists and cardiac surgeons who routinely do the screening for TAVI patients, additionally evaluated all echo data.
Computed tomography
CT scans were performed on a 64-row MDCT (Brilliance 64, Philips Medical Systems, Cleveland, OH, USA) with retrospective ECG-gating. The scan was started by bolus tracking in the left atrium at a threshold of 150 HU in caudocranial direction after an intravenous injection of a 70 ml non-ionic iodinated contrast medium (Iopromide, 370 mg iodine/ml, Ultravist 370, Bayer Schering, Berlin, Germany) with a flow rate of 5 ml/s. Tube current and voltage were 800 mAs and 120 kV, respectively. Images were reconstructed at a slice thickness of 0.67 mm and an increment of 0.4 mm, using a soft tissue reconstruction algorithm. The images were post-processed and analysed on the same workstation (Philips Extended Brilliance Workspace V 3.5.0.2254, Advanced Vessel Analysis and CT Viewer, Philips Medical Systems, Best, Netherlands).
The most caudal attachment of all three aortic leaflets in the double oblique transverse view (DOT) was defined as the aortic annulus ( Fig. 1) . At this level, the minimum (CT min ) and maximum diameter (CT max ) were measured. The mean of these two measurements was called CT mean . To calculate the effective diameter (CT eff ), the luminal circumference was measured and the software displayed the area of this circumference. The equation for the area of a disk (disc area = π × r 2 ) was used to calculate the diameter of a disc with a corresponding area (CT eff = 2 × √(circumferential area/π) (Fig. 1) . The heart team, including cardiologists and cardiac surgeons who routinely do the screening for TAVI patients, additionally evaluated all CT data.
Intraoperative sizing
Conventional AVR was performed in a standardized fashion and with either full or partial upper sternotomy. After transverse opening of the aorta, the native calcified aortic leaflets including the calcified parts of the aortic annulus were excised. After this excision the decalcified aortic annulus was sized using metric sizers. The circular sizers were passed through the decalcified aortic annulus. If the sizer passed through easily, the next larger sizer was used. The definitive size was based on the sizer that barely passed through. In the case of an oval-shaped annulus, the decalcified annulus adapted to the circular shape of the sizer while the sizer is passed through the annulus. After metric sizing the annulus was sized using the prosthesis manufacturer's sizers and appropriate valve prosthesis was implanted.
Statistical analysis
Statistical analysis was performed using the SPSS™ statistical package 18 (SPSS, Inc., an IBM Company, Chicago, IL, USA). Quantitative variables were expressed as mean (standard deviation = SD) or median (inter-quartile range) and qualitative variables as percentages. The different diameter measurements in the same patient were compared using the Student's t-test for paired data. Linear regression analysis was performed using Pearson's correlation coefficient. Bland-Altman plots with 95% limits of agreement (mean difference ± 1.95 × SD) were used to compare the different imaging techniques. All statistical tests were two-sided. Differences were considered statistically significant at P-values <0.05. The equation for the area of a disk (disc area = π × r 2 ) was used to calculate the diameter of a disc with a corresponding area (CT eff = 2 × √(circumferential area/π).
RESULTS
Complete data for CT scan and intraoperative direct measurements were available in all 26 patients. Two patients had insufficient image quality in TTE to measure the aortic annulus and in another two patients preoperative TEE had to be aborted due to haemodynamic instability.
Annulus measurements
The mean aortic annulus diameter at end-diastole was 22.9 ± 3.1 mm for TTE and 23.8 ± 2.7 mm for TEE. The diameter at end-systole was 24.2 ± 3.5 mm for TTE and 24.5 ± 2.7 for TEE. The mean diameter for intraoperative direct sizing was 24.8 ± 2.7 mm. Maximum, minimum, mean and effective diameters for CT were 29.0 ± 3.9, 23.1 ± 3.1, 26.1 ± 3.3 and 25.4 ± 3.2 mm, respectively. Dividing maximum CT-diameters by minimum CT-diameter results in a number >1 in every patient, indicating the oval shape of the annulus. The mean ratio between maximum and minimum CT-diameter was 1.26.
Direct measurement vs imaging
All preoperative imaging values (TTE, TEE and CT) were compared with intraoperative direct sizing ( Table 1) . Systolic measurements in echocardiography and the effective CT diameter showed the best correlation to intraoperative sizing and good agreement with intraoperative sizing in the Bland-Altman analysis (Table 1) .
Echocardiography vs CT
Owing to best correlation for end-systolic TTE and TEE measurements as well as effective CT diameter with intraoperative sizing, we further compared only these imaging techniques. The BlandAltman analysis showed a mean difference of −0.98 mm (range −5-3 mm) with a limit of agreement of −4.5 to 2.5 mm for TEE syst vs CT eff and a mean difference of −0.85 mm (range: −3 to 4) with a limit of agreement of −4.0 to 2.3 mm for TTE syst vs CT eff (Fig. 2) . Furthermore, TTE syst and TEE syst both showed strong correlation with CT eff (r = 0.856, P < 0.001 and r = 0.847, P < 0.001, respectively) ( Fig. 2 ).
Subgroup oval-shaped annulus
Eleven patients had a ratio between the maximum and minimum CT diameter greater than the mean ratio of 1.26, indicating a pronounced oval shape of the annulus. We analysed these 11 patients separately.
TTE syst underestimated the annulus compared with intraoperative direct sizing (mean TTE syst 23.4 ± 3.5 mm vs mean intraop sizing 24.6 ± 3.1 mm; P = 0.008). TEE syst and CT eff showed no significant difference compared with intraoperative direct sizing (mean TEE syst 24.3 ± 2.9 mm and CT eff 24.96 ± 3.3 mm; P = 0.223 and 0.319, respectively). The Bland-Altman analysis and correlation for oval-shaped annulus subgroup are presented in Fig. 3 . Best agreement in case of a pronounced oval-shaped annulus was found for CT eff .
Theoretical choice of transcatheter prosthesis
Based on the different imaging techniques, we analysed the theoretical choice of an Edwards SAPIEN prosthesis. A 23-mm valve for annulus diameters between 19 and 21 mm, a 26-mm valve for annulus diameters between 22 and 24 mm and a 29-mm valve for annulus diameters between 25 and 27 mm were assumed according to current recommendations.
We hypothesized the intraoperative sizing as the 'true' annulus diameter and compared the choice of the SAPIEN valve based on the intraoperative (true) sizing to the choice based on TTE syst , TEE syst and CT eff (Tables 2 and 3) . TEE syst and CT eff showed the highest number of identical valve sizes chosen compared with valve size selection based on (true) intraoperative sizing. TTE syst underestimated the annulus diameter that would have led to a potentially too small valve prosthesis in 20.8% of patients. In addition, TTE syst -based sizing would have suggested a too small annulus diameter in two patients which would have resulted in exclusion from TAVI.
CT eff showed the best agreement to intraoperative sizing in the 11 patients with an oval-shaped annulus. 
ADULT CARDIAC
The choice of a SAPIEN valve based on the different imaging techniques would have led to a mean oversizing of 2.9 ± 0.7 mm for TTE syst , 3.0 ± 0.8 mm for TEE syst , 3.1 ± 0.8 mm for CT eff and 2.9 ± 0.8 mm for intraoperative sizing (Table 4) .
DISCUSSION
Owing to the fact that TAVI does not allow for a direct open heart view onto the aortic valve, imaging is one of the key requirements. During conventional AVR the choice of prosthesis size is based on intraoperative direct sizing of the decalcified aortic annulus, whereas sizing for TAVI valves is exclusively based on imaging techniques. However, incorrect valve sizing might lead to serious complications: the choice of a too small valve might lead to severe paravalvular leaks or even valve embolization in the worst-case scenario [11] [12] [13] . On the other hand, the selection of a too large valve prosthesis can lead to annular rupture [5] . These impending complications highlight the necessity for more precise preoperative imaging techniques.
When measuring the aortic annulus, one has to keep in mind that the aortic annulus is a complex topic not easily assessable by two-dimensional imaging. In addition the annulus (defined as the basal hinge points where the three cusps are attachednadirs) is not circular in all patients, but oval shaped in various configurations [7, 10, 14, 15] . During the initial TAVI experience aortic annulus measurements were routinely performed using echocardiography [5, 6] . A disadvantage of echocardiography is the two-dimensional view. This two-dimensional view might lead to underestimation of the true aortic annulus diameter, especially in patients with a pronounced oval-shaped annulus. New three-dimensional echocardiography seems to offer a more precise imaging technique to measure the aortic annulus diameter [16] , but it is not yet routinely available in every hospital. A preoperative CT scan is routinely performed in most potential TAVI patients to screen the femoral arteries and to assess the distance between the coronary ostia and the aortic annulus as well as root anatomy. In a previous study, we could show that the preoperative CT scan does not seem to negatively affect postoperative renal function [17] . In 2007, Tops et al. introduced a standardized protocol to assess the aortic annulus in CT scans [7] . The CT scan provides a three-dimensional view to the aortic annulus and facilitates visualization of the annular plane and its configuration (circular-oval). Initially, the minimum and maximum diameter of the aortic annulus was measured only. It soon became evident that in patients with a strong oval-shaped annulus, the difference between the minimum and maximum diameter can be very large, which made the choice of the appropriate valve size difficult. With the introduction of the 'effective' diameter based on the area or the circumference, a more meaningful measurement at least theoretically became available [9, 18] .
The present study is the first to compare the three routinely used imaging techniques (TTE, TEE and CT) with direct intraoperative sizing. End-diastolic echocardiographic measurements as well as the minimum, maximum and mean CT diameter showed no sufficient agreement to intraoperative sizing (mean differences > 1 mm). In contrast, The end-systolic echocardiographic diameter, routinely used for TAVI patient screening, demonstrated sufficient agreement to intraoperative sizing with better limits of agreement in the Bland-Altman analysis. The effective diameter calculated from the circumferential area in CT scan ('effective') showed the best agreement to intraoperative sizing and the strongest correlation. The 'effective' diameter had been suggested as the most reliable by previous studies. However, image-based diameter had never been compared with 'true' direct surgical sizing [9, 18] . Regarding patients with a pronounced oval-shaped annulus it became obvious that echobased measurements do not allow for valid sizing in all patients. In contrast, the Bland-Altman analysis again showed sufficient agreement between 'effective' CT diameter and intraoperative sizing. A reason for the incorrect echocardiographic measurements may be the two-dimensional view. The parasternal longaxis view on TTE and the midoesophageal long-axis view on TEE are equivalent to the single oblique sagittal view on CT scans [8] . Therefore, these two-dimensional views are less precise (and will result in underestimation) compared with the three-dimensional view of the annular plane, especially in patients with a pronounced oval-shaped annulus. Because the choice of TAVI prosthesis is based on preoperative imaging only, we analysed the influence of the different imaging techniques on theoretical valve size selection in our patient population. Valve choice based on 'effective' CT diameter demonstrated the best agreement to theoretical choice based on intraoperative direct sizing. The theoretical resulting oversizing of the simulated valve selection showed no significant differences between all sizing techniques. However, a trend towards most sufficient oversizing was clearly visible in the case of valve size selection based on 'effective' CT diameter. Thus, annular diameter assessment and subsequent TAVI prosthesis size selection seemed to be the most accurate when based on 'effective' CT-based measurements, which might result in improved outcome in regard to valve performance and avoidance of complications. The technique of measuring the aortic annulus diameter at the level of the most caudal attachment of all three aortic leaflets in the DOT view results in inclusion of the native calcified cusps with any degree of calcification. A stronger degree of calcification might lead to more frequent paravalvular regurgitation in transcatheter valves [19, 20] . Because the patients in our study underwent conventional AVR, we could not correlate the degree of calcification to postoperative aortic regurgitation.
LIMITATIONS
One limitation is the relatively small number of patients. Another limitation is that the patients in this study population underwent conventional AVR and therefore postoperative outcome including paravalvular leaks could not be correlated to the imaging measurements.
CONCLUSION
The 'effective' CT diameter and end-systolic TEE images are both reliable measurement techniques for preoperative aortic annulus sizing. In patients with a pronounced oval-shaped annulus, the recently established 'effective' CT diameter seems to be even more precise. This hypothesis is based on the fact that these imaging/ measurement techniques showed best agreement to the surgical 'gold-standard' intraoperative direct sizing. Therefore, aortic annulus measurement using the 'effective' CT diameter should be included into routine practice for TAVI procedures, which might improve the outcome and safety of future TAVI procedures.
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APPENDIX. CONFERENCE DISCUSSION
Dr C. Smith (New York, NY, USA): It is aways a struggle to find something to criticise in work done by Dr. Walther and Dr. Mohr's group, but I will do my best. I have come up with a few things, I hope. I begin with a concern that is somewhat esoteric. It has to do with a quarrel I have with CT radiologists, and you have hit the high points in terms of the background. Annular sizing in surgery is not a big deal. Debride, then push a circular obturator through the valve. The flaccid or rested heart conforms very easily to the circular shape of the obturator, and misjudgements are rare with some experience. In most circumstances, precise preop measurement of the annulus in surgery is unimportant. But TAVI is a very different challenge, as you have suggested, and it is made much more complex by dynamic measurements, such as CT and echo, when used to decide where to measure the annulus -and you cited a very good reference on that -further complicated by interobserver and intermodality variability.
In this manuscript I was struck by the striking elliptical image, figure 1 in your manuscript, that you showed several times. It was offered as an example of what you defined as 'oval', which was present in 42% of patients. We may differ a little bit in what we accept as degrees of 'ovality,' if you will. In my experience, speaking visually, in the arrested, flaccid heart, that degree of eccentricity is usually seen only in the small subset of bicuspid valves that have fusion between the right and noncoronary or left and noncoronary cusps, not in the more common bicuspids that have fusion between the right and left cusps or in trileaflet valves. My first question would be, did you exclude bicuspid valves? Dr Van Linden: In this study? Dr Smith: In these 26 patients. Dr Van Linden: We didn't have to exclude them because there was no patient at that time, so it was not an exclusion criterion.
Dr Smith: But were any of the 26 bicuspids? Dr Van Linden: There were no bicuspids. Dr Smith: Perhaps my experience is unusual or maybe I am misinterpreting my experience, but the high frequency of this kind of eccentricity is what made me wonder about the CT result here. The nadir of each sinus, as you pointed out, was selected as the point at which to define the plane of the annular ellipse. If the distances from chords averaging the arcs of each sinus to their low point, the nadir, are unequal, then the ellipse that you generate by connecting those dots will be very elliptical. So if they are a little bit unequal, it could be very distorting, and this all requires the judgment of the radiologist.
The annulus is also a very dynamic structure, as you pointed out, in part because the LV outflow tract is even more so. The LV outflow tract is half mitral valve and half LV muscle. A radiologist has to make instantaneous judgments about which frame best represents this complex and dynamic structure, which is one reason why I have some difficulty with their approach. Are you confident that they have defined the annulus as we experience it?
Dr Van Linden: I think, especially in our institution, the cardiologists and also some of the residents in cardiac surgery are analyzing the CT scans, so that you are not only relying on the radiologists, because I think that the radiologists were not used to measuring the aortic annulus because it wasn't their work over previous years. And so if someone who is integrated in the TAVI team, maybe a surgeon or a cardiologist who has at least some knowledge about the aortic annulus and how it looks in conventional surgery, helps in finding the true aortic annulus on the CT scan. And there are some new tools like the Dyna-CT for intraoperative imaging and the three-dimensional tool which help to automatically detect these aortic annulus measurement views, and then you can manually correct these points if you think, okay, that was maybe not the right spot. And so I think if you get more and more experience in the CT measurements and also in the echo measurements, the data you will see or the measurements will be more precise.
Dr Smith: Well, I accept that, and I guess since I don't do this myself too often, I will accept that if you have done it a lot, you might find that measuring the nadir is not as difficult as it seems to me.-Dr Van Linden: But at the beginning it is difficult, I agree. Dr Smith: -and there might be points a little bit above that that would be a lot easier to measure. Finally, the most important implication of your findings is that 21% of patients would be undersized for TAVI using echo alone. However, after surgical debridement of the leaflets and annulus, the annulus is guaranteed to be larger than the compressed leaflet-annulus-calcium sandwich that becomes the annulus in TAVI. I suspect that choosing the relatively large, surgically-debrided annulus as the basis for your comparisons explains your findings and renders this a bit misleading. It could be argued from the same numbers that echo was more accurate for estimating the smaller, non-debrided annulus that is relevant to TAVI. This is still, of course, unique and very important data. I hope these data help improve our ability to assess the annulus with TEE allowing us to avoid an expensive dose of preop radiation and IV contrast in each patient.
Dr Van Linden: There has just been a study published that tried to compare the TEE measurements and CT measurements to postoperative aortic regurgitation, and they found a significant difference, or higher leakage in the patients that were implanted just by TEE than with a CT scan. I think if there will be improvements for TEE measurement -I don't know, at the moment the 3D TEE is always discussed -maybe you can avoid the CT scan and the dose of radiation and do more precise measurements in TEE. But I think at the moment, at least in our experience, we try to trust more and more this effective diameter to prevent postoperative leaks.
